Infection induces the expression of inflammatory chemokines that recruit immune cells to the site of inflammation. Whereas tissues such as the intestine and skin express unique chemokines during homeostasis, whether different tissues express distinct chemokine profiles during inflammation remains unclear. With this in mind, we performed a comprehensive screen of the chemokines expressed by two tissues (skin and sensory ganglia) infected with a common viral pathogen (herpes simplex virus type 1). After infection, the skin and ganglia showed marked differences in their expression of the family of Cxcr2 chemokine ligands. Specifically, Cxcl1/2/3, which in turn controlled neutrophil recruitment, was up-regulated in the skin but absent from the ganglia. Within the ganglia, Cxcl2 expression and subsequent neutrophil recruitment was inhibited by type I interferon (IFN). Using a combination of bone marrow chimeras and intracellular chemokine staining, we show that type I IFN acted by directly suppressing Cxcl2 expression by monocytes, abrogating their ability to recruit neutrophils to the ganglia. Overall, our findings describe a novel role for IFN in the direct, and selective, inhibition of Cxcr2 chemokine ligands, which results in the inhibition of neutrophil recruitment to neuronal tissue.
How immune cells move from circulation into tissue is now well defined. This is a sequential process where lectins or integrins facilitate the initial rolling of cells on the endothelial wall. In this state, cells are exposed to locally produced chemokines that trigger integrin activation and cell polarization, thus enabling integrin-mediated firm arrest and extravasation into the tissue (Butcher and Picker, 1996) .
Despite serving a common function (i.e., cell migration), the chemokine family is incredibly diverse. There are almost 50 human chemokines (38 murine) that collectively serve as ligands for 18 functional G protein-coupled receptors (Zlotnik and Yoshie, 2012) . The chemokine family is divided by structure and kinetics of expression, being split into four groups (CC, CXC, CX3C, and XC) based upon the arrangement of N-terminal cysteines, and further divided between homeostatic (expressed during homeostasis), inflammatory (expressed during inflammation), and dual chemokines (expressed in steady state and inflammation; Zlotnik and Yoshie, 2012) . In regard to receptors, diversity in chemokine receptor expression is observed between and within immune cell subsets. For instance, neutrophils (Cxcr1/2) and monocytes (Ccr2) use distinct chemokine receptors to facilitate migration (Shuster et al., 1995; Serbina et al., 2008) , whereas the CD4 + T cell subsets T h 1 (Cxcr3 and Ccr5), T h 2 (Ccr4 and Ccr8), T h 17 (Ccr6), and T f h (Cxcr5) cells are all associated with unique chemokine receptor usage, and thus respond to different ligands (Sallusto and Lanzavecchia, 2009 ).
An intriguing feature of the chemokine family is that certain members exhibit tissue-specific expression patterns. Notably, Ccl19 and Ccl21 (ligands for Ccr7) are expressed mainly within the lymphoid compartment (Cyster, 2005) , Ccl25 (ligand for Ccr9) is expressed by the thymus and small intestine (Svensson et al., 2002) , and Ccl27 (ligand for Ccr10) is expressed in skin (Reiss et al., 2001) . It is generally agreed that tissue-specific chemokines enable targeted migration patterns.
To test if Cxcr2 chemokines were driving skin neutrophil recruitment, we transferred donor BM in combination with a Cxcr2 blocking antibody into infected mice, and tracked the migration of donor BM monocytes and neutrophils into the skin (anti-Gr-1 antibody was injected just before sacrifice to discriminate between circulating [in vivo-labeled] and tissueresident [nonlabeled] cells; Ng et al., 2011) . As seen in Fig. 1 e, although donor neutrophil frequency in the spleen was comparable between groups, the migration of donor neutrophils, but not monocytes, into the skin was greatly impaired by Cxcr2 blocking. Intriguingly, myeloid cells were the dominant producers of Cxcl2 in the skin, as both Ly6G + neutrophils and Ly6C + monocytes stained strongly for intracellular Cxcl2 (Fig. 1 f) . Furthermore, Cxcl2 mRNA was abundant in neutrophils, and to a lesser extent monocyte/macrophages sorted from HSV-1-infected skin (Fig. 1 g) , but was absent from lymphoid and parenchymal cells. Collectively, these findings show that (a) Cxcr2 ligands, expressed by neutrophils and monocytes, drive neutrophil recruitment to the skin after HSV-1 infection, and (b) Cxcl1/2/3 is not expressed within the DRG, preventing neutrophil recruitment to this site. To our knowledge, this is the first description of differential expression of inflammatory chemokines in distinct tissues involved in the same infection, and argues that skin and ganglia differentially regulate Cxcr2 chemokine ligands to promote or inhibit neutrophil recruitment, respectively.
Type I IFN signaling through the hematopoietic cells suppresses neutrophil recruitment into ganglia after HSV infection
We were surprised that, in the face of viral infection, the ganglia could simultaneously recruit monocytes and exclude neutrophils. Given the report that neutrophil infiltration correlates the infection virulence (Brandes et al., 2013) , we wondered whether neutrophils would infiltrate the ganglia when infected with a more virulent and/or poorly controlled infection. To test this, we measured DRG neutrophil infiltration after infection with a highly virulent HSV strain (SC16), or when mice were deficient in components of the immune system. Surprisingly, we observed minimal neutrophil infiltrate in the ganglia of B6 mice infected with SC16 HSV, or to the DRG of RAG-C / , CCR2 / , MyD88 / , or TLR3 / mice infected with HSV-KOS (Fig. 2 a) . All combinations of virus and/or knockout lead to exaggerated, and in most cases, lethal infection (Ashkar and Rosenthal, 2003) . Thus, even in the face of neurovirulent infections, neutrophils are restricted from migrating to the sensory ganglia.
In contrast, type I IFN receptor-deficient mice (IfnR / ) had massive DRG neutrophil infiltration after wild-type HSV-1 infection, as did infected B6 mice treated with an anti-IFNR blocking antibody. IFN / mice also had moderately increased neutrophilia, suggesting a common IFN-mediated phenomenon (Fig. 2 a) . Although IfnR / mice are known to poorly control wild-type HSV-1 (Halford et al., 1997) , defective control itself was insufficient to prompt neutrophil recruitment in other knockout strains. Furthermore, monocyte recruitment However, although this concept is well accepted, it is important to note that these putative tissue-specific ligands are homeostatic chemokines. As such, whether different tissues continue to express unique chemokine profiles during periods of inflammation remains to be seen. Given that pathogens commonly infect multiple organs during their lifecycle, whether differing tissues express a conserved or distinct chemokine profile during infection is an important question. Furthermore, considering that some inflammatory chemokines selectively recruit specific immune cell subsets, differential chemokine expression may enable tissues to tailor immune cell recruitment to complement the requirements of particular organs. Here, we have examined this issue in the context of HSV type I (HSV-1). This pathogen typically causes an orofacial infection in humans, replicating in the skin epithelia and innervating trigeminal ganglia, and therefore provides an ideal model to examine whether two tissues (skin and ganglia) express similar or distinct chemokine profiles during infection with a common pathogen.
RESULTS AND DISCUSSION
The skin, but not sensory ganglia, expresses Cxcr2 chemokine ligands and activates neutrophil recruitment after HSV-1 infection Here, we used a mouse model of epicutaneous flank HSV-1 infection. Upon infection, virus travels to the innervating dorsal root ganglia (DRG), infecting neurons within the ganglia, and then returns to infect distal regions of skin (secondary site) throughout the dermatome within 2-3 d of inoculation (van Lint et al., 2004) . Using a comprehensive real-time PCR array, we measured chemokine expression in the secondary site skin (hereafter referred to as skin) and DRG at day 5 postinfection (p.i.), when viral loads are at their peak in both tissues (van Lint et al., 2004) . As seen in Fig. 1 , although several inflammatory chemokines (Ccl2/5/7 and Cxcl9/10) increased in both skin and DRG after infection, there was a marked differential expression of the family of Cxcr2 chemokine ligands Cxcl1/2/3 between the two sites. Most notably, Cxcl2 mRNA expression increased dramatically (1000 fold) in the skin after HSV-1 infection, but was largely absent from the DRG (Fig. 1 a) . Consistent with mRNA expression, although Ccl2 protein levels increased in both skin and DRG after infection, Cxcl2 protein was abundant in the skin beyond day 4, but undetectable in the DRG at all time points tested (Fig. 1 b) .
Cxcl2 belongs to a family of chemokines that serve as ligands for Cxcr2 (Addison et al., 2000) , a chemokine receptor highly expressed by neutrophils (Shuster et al., 1995) . In line with Cxcl1/2/3 expression controlling neutrophil recruitment, large numbers of CD11b + Ly6G + neutrophils migrated into infected skin, peaking at day 6 p.i., but were largely absent from DRG at all time-points tested (Fig. 1 c) . In contrast, CD11b + Ly6C + monocytes migrated to both skin and ganglia after infection, in line with the common expression of the Ccr2 ligands Ccl2 and Ccl7 (Fig. 1 a) . Ly6G + neutrophils were concentrated at the base of the infected epidermis in the skin (Fig. 1 d) , but were again not detected within the infected DRG by microscopy, despite the appearance of Ly6C + monocytes at this site. (e) CD45.1 + CFSE + BM cells were transferred with anti-Cxcr2 or IgG antibody into day 5-6-infected B6 mice. After 2 h, mice received anti-Gr-1 PE to label circulating granulocytes and were sacrificed 10 min later. The number of tissue-resident (Gr-1  ) donor (CFSE + /CD45.1 + ) neutrophils (CD11b + /Ly6G + ) and monocytes (CD11b + /Ly6C + ) in the skin, or GR-1 +/ donor cells in the spleen was determined by FACs. (f and g) Skin from day 6 HSV-1-infected B6 mice was (f) stained ex vivo for intracellular Cxcl2 (or isotype control) or (g) sorted into cell subsets for qPCR analysis. Data in a-g are mean (±SEM) of 6-33 mice per group, acquired from at least two independent experiments. *, P < 0.05 (unpaired Student's t test).
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the DRG (Fig. 3 a) . To confirm that Cxcl1/2/3 expression was driving neutrophil recruitment in IfnR / mice, we examined whether Cxcr2 blocking impaired neutrophil entry to the DRG. To this end, we transferred donor BM in combination with a Cxcr2 blocking antibody into HSV-1-infected IfnR / mice, and measured donor monocyte/neutrophil migration into the DRG. As seen in Fig. 3 b, the migration of donor neutrophils, but not monocytes, was significantly impaired by Cxcr2 blocking. Thus, neutrophil migration into IfnR / DRG is Cxcr2 dependent, and most likely in response to Cxcl1/2/3 expression.
To identify the source of Cxcr2 chemokine ligands, we isolated DRG from infected mice and stained directly ex vivo for intracellular Cxcl2. Although the B6 DRG was devoid of Cxcl2 + cells, a large fraction of CD45 + CD11b + leukocytes isolated from the IfnR / DRG were producing Cxcl2 (Fig. 3 c) . Additional profiling showed that the highest producers of Cxcl2 within the IfnR / ganglia were CD45 + CD11b + Ly6G  Ly6C + -infiltrating monocytes. Furthermore, monocytes sorted from the DRG of infected IfnR / mice had elevated Cxcl2 mRNA compared with their B6 counterparts (Fig. 3 e) . Of note, splenic monocytes did not stain for Cxcl2, and had little Cxcl2 mRNA, indicating that monocytes up-regulate Cxcl2 only after DRG entry (Fig. 3, d and e) . Collectively, these results indicate that type I IFN signaling blocks Cxcl2 expression by monocytes within the ganglia, thereby disabling neutrophil recruitment.
into the DRG of IfnR / mice was largely equivalent to wild-type mice (Fig. 2 b) , arguing against a global increase in leukocyte recruitment. Thus, IFN signaling appeared to selectively inhibit neutrophil recruitment in the ganglia.
We subsequently examined whether type I IFN signaled through the hematopoietic or parenchymal compartment to restrict neutrophil migration. To this end, we infected B6. Ly5.1 → IfnR / and IfnR / → B6.Ly5.1 BM chimeras with HSV-1 and measured neutrophil and monocyte migration into the DRG. As seen in Fig. 2c , although B6.Ly5.1 → IfnR / chimeras showed an increase in neutrophil infiltration, IfnR / → B6.Ly5.1 chimeras entirely recapitulated the IfnR / phenotype, with robust neutrophil recruitment into the DRG and no impact upon monocyte levels. These results indicate that type I signaling on radiosensitive hematopoietic cells suppresses the recruitment of neutrophils to the ganglia during infection.
Type I IFN signaling blocks Cxcr2-driven neutrophil recruitment to the ganglia by inhibiting the production of Cxcl2 by monocytes DRG recruitment of neutrophils in the absence of type I IFN signaling was associated with the increased expression of the Cxcr2 chemokine ligands. HSV-infected IfnR / mice had highly elevated levels of Cxcl1/2/3 compared with B6 counterparts, while maintaining normal expression of Ccl2/7 within 
50:50 mix of B6.Ly5.1 (CD45.1 + ) and IfnR / (CD45.2 + ) BM (Fig. 4 a) . We infected chimeras and measured neutrophil recruitment and Cxcl2 expression in the DRG. In line with the full chimeras (Fig. 2 c) , the presence IfnR / BM (in this study representing 50% of hematopoietic cells) enabled the recruitment of both wild-type and IfnR / neutrophils into the DRG (Fig. 4 b) . Upon examining Cxcl2 expression, we found that although IfnR / monocytes (defined here as Type I IFN signaling directly suppresses Cxcl2 production by monocytes, but not neutrophils, in the sensory ganglia We examined the mechanism by which type I IFN suppresses Cxcl2 expression. We reasoned that IFN may act either directly to suppress chemokine expression or, alternatively, may suppress neutrophil recruitment by acting on factors upstream of Cxcl2. To distinguish between these possibilities, we used mixed BM chimeras, reconstituting irradiated B6.Ly5.1 mice with . (e) CD11b + Ly6C + monocytes were sorted from DRG or spleen of day 5 HSV-1-infected B6 or IfnR / mice for qPCR. Mean (±SEM) of Cxcl2 mRNA expression is pooled from two experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (unpaired Student's t test).
signaling, with B6 and IfnR / neutrophils having equivalent Cxcl2 levels.
Consistent with these in vivo observations, treating BM with IFN-, IFN-, or an IFN- cocktail in vitro, inhibited the CD11b + Ly6G  ) were actively producing Cxcl2, within the same ganglia, wild-type monocytes showed poor expression of this chemokine. In contrast to monocytes, Cxcl2 production by neutrophil was minimally affected by type I IFN to the total inhibition seen in the ganglia (Fig. 3) . Therefore, it is possible that it is this difference in Cxcl2 shutdown that is the underlying basis for the differential neutrophil infiltration between the two tissues. Additionally, given that the skin and ganglia have distinct cellular compositions, it is also possible that the skin has multiple or distinct cell types capable of recruiting neutrophils, whereas the ganglia is entirely dependent on monocytes to fulfill this role.
Overall, our findings are consistent with several reports of enhanced neutrophilia in the absence of type I IFN after infection with influenza (Shahangian et al., 2009; Seo et al., 2011) and Listeria (Brzoza-Lewis et al., 2012) and in tumors (Jablonska et al., 2014) . Thus, IFN limits neutrophilia across multiple infections and inflammatory settings. Indeed, a previous study has shown the absence of type I IFN signaling on hematopoietic cells enhanced Cxcl1/2 production by monocytes after influenza infection (Seo et al., 2011) . Furthermore, IFN- has been shown to repress Cxcl1/2 production by BM macrophages in vitro (Shahangian et al., 2009) . Therefore, our study in combination with these earlier findings, provide strong evidence that IFN regulates neutrophil recruitment by limiting Cxcl1/2/3 expression by myeloid cells. However, the precise mechanism for how IFN regulates chemokine expression has remained unclear, largely due to the difficulty in distinguishing whether enhanced chemokine expression observed in the absence of IFN capacity of Ly6C + monocytes (but not Ly6G + neutrophils) to produce Cxcl2 in response LPS (Fig. 4, c and d) . Finally, IFN blocked Cxcl2 expression at a transcriptional level as IFN treated RAW cells failed to up-regulate Cxcl2/3 mRNA expression in response to LPS (Fig. 4 e) . IFN had no effect on TNF, and augmented IL-6 mRNA expression, demonstrating its selective action. Collectively, these data indicate that IFN signaling suppresses the ability of monocytes, but not neutrophils, to produce the Cxcr2 chemokine ligands within the ganglia. This suppression operates directly in a cell-intrinsic manner, independent of extraneous or upstream factors.
Finally, we examined why type I IFN inhibited Cxcl2 expression and neutrophil recruitment to the DRG, but fails to do so in the skin. This is unlikely to be caused by differential IFN expression between the two sites, as IFN- (and IFN-) was expressed in both skin and DRG after infection (unpublished data). We found that IfnR / mice had moderately, but not statistically significant, elevated neutrophils and Cxcl1/2/3 expression in the skin after HSV-1 infection, whereas showing overall diminished monocyte numbers (Fig. 5, a and b) . At a cellular level, IfnR / skin monocytes expressed higher Cxcl2 compared with B6 counterparts, in both straight and mixed BM chimera settings (Fig. 5, c and d) . Thus, IFN does appear to limit Cxcl2 expression by skin monocytes. However, it is important to note that this suppression is incomplete, in contrast and IfnR / (CD45.2 + ) BM chimeras were infected with HSV-1 and at day 5 p.i. the skin was stained for Cxcl2. Values are pooled from three experiments (n = 10). *, P < 0.05; ***, P < 0.0001 (unpaired Student's t test).
Real-time PCR, ELISA, and microscopy. For mRNA expression analysis of tissues, organs were harvested into RNAlater (Invitrogen), RNA extracted using the RNEasy Micro kit (QIAGEN), and cDNA synthesized with SuperScript III Reverse transcription (Invitrogen) using oligo-dT primers (Promega). For sorted and RAW cells, cDNA was prepared using the SYBR Green Gene Expression cells-to-Ct kit (Life Technologies). Quantitative real-time PCR (qPCR) was performed with Fast SYBR Green Master mix (Life Technologies) with primers described in Table S1 ). For transcriptional analysis, RAW cells were treated with an IFN- cocktail for 2-3 h before LPS (10 ng/ml) stimulation. 3 h after LPS addition, cDNA synthesis, and qPCR were performed as above. Gene expression was normalized to Gapdh (CT) and values are shown either as target gene mRNA levels relative to Gapdh (2 CT ) or further calculated relative to naive tissue (2 CT ). For ELISA, tissues were harvested and homogenized in PBS/0.1% FCS with proteinase inhibitors (Sigma-Aldrich) and Ccl2 (eBioscience) and Cxcl2 (R&D Systems) levels measured in homogenate. For microscopy, tissues were dehydrated (20% sucrose) and frozen in OCT (Tissue-Tek). Sections were fixed and permeabilized in acetone, blocked with serum-free protein block (Dako) and stained with anti-Ly6G, anti-Ly6C, and DAPI. Images were acquired on a LSM700 confocal microscope with Zen 2012 software (both from Carl Zeiss, Inc.) and processed with ImageJ 1.57 Dscho.
Cxcr2 blocking of transferred BM neutrophils/monocytes. For Cxcr2 blocking experiments, femur/tibia BM were isolated from B6.Ly5.1 mice, labeled with 0.1 µM CFSE (Invitrogen) and 10 × 10 6 BM cells resuspended in 50 µg anti-Cxcr2 or IgG2a isotype control antibody (R&D Systems) and transferred i.v. into HSV-infected C57BL/6 or IfnR / recipients. 2 h after transfer, mice were injected i.v. with 3 µg anti-Gr-1-PE and sacrificed 10 min later. Mice were perfused and tissues harvested for flow cytometric analysis.
Statistical analysis. Statistical analysis was performed using unpaired, twotailed Student's t tests. Table S1 shows real-time qPCR primers sequences. Online supplemental material is available at http://www.jem.org/ cgi/content/full/jem.20132183/DC1.
Online supplemental material.

